The value of an isomer ratio (IR) in N=81 isotones ( 137 Ba, 139 Ce, 141 Nd and 143 Sm) is studied by means of the (γ, n) reaction. This quantity measures a probability to populate the isomer state in respect to the ground state population. In (γ, n) reaction giant dipole resonance (GDR) is excited and after its decay by neutron emission the nucleus has an excitation energy of a few MeV. The forthcoming γ decay by direct or cascade transitions deexcites the nucleus into isomer or ground state. It has been observed experimentally that the IR for 137 Ba and 139 Ce equals to about 0.13 while in two heavier isotones it is more than twice smaller. To explain this effect the structure of the excited states in the energy domain up to 6.5 MeV has been calculated within Quasiparticle Phonon Model. A lot of states connected to the ground and isomer states by E1, E2 and M 1 transitions are found. The single-particle component of the wave function is responsible for the large values of the transitions. The calculated value of isomer ratio is in a very good agreement with experimental data for all isotones. It is concluded that a slightly different value of maximum energy with which nuclei rest after neutron decay of the GDR is responsible for the reported effect of A-dependence of the IR.
I. INTRODUCTION.
The structure of the states at intermediate excitation energy in atomic nuclei has arisen recently a considerable interest [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The states are excited via different nuclear reactions and the deexcitation populates the low-lying excited states with simple structure [1] . The study of the electromagnetic transitions coupling low-lying states with those having intermediate energy permits to reveal a delicate interplay between the main excitation modes in atomic nuclei -single-particle and collective ones [6] .
Isomers are the nuclei levels which have relatively low excitation energy and total angular momentum, J iso , very different from the angular momentum of the ground state, J g.s. . Due to these specific properties their electromagnetic decay into the ground state is strongly hindered and they are characterized by a half-life time from ms to years depending on the value of |J iso − J g.s. |. Isomers in nuclei are known for more than 50 years and during this period a very precise spectroscopic information on their properties has been obtained (see, e.g. a review article [1] ). The population of the states is studied by means of (γ, γ ′ ), (n, γ), (γ, n), (n, 2n) reactions and β-decay. The different nuclear reactions permit to reveal the contribution of the single-particle and more complex components in the structure of their wave function.
Recently, an essential progress with isomer photoexcitation has been achieved by using bremsstrahlung radiation at low values of an end-point energy [6] [7] [8] [9] . The isomer yield in spherical nuclei as a function of the end-point energy was found to have a linear dependence in the energy interval of about one MeV, then line breaks and another linear dependence for one MeV or so takes place. This effect got its theoretical interpretation as follows [6] [7] [8] [9] . At the energy of the line break some level or a group of closely lying levels with very specific properties are located. The wave function of these excited states include configurations which allow their intensive excitation from the ground state while some other configurations are responsible for a cascade decay from these levels at intermediate energies which leads to isomer state. Usually the maximum value of the end-point energy in these bremsstrahlung experiments is 4-4.5 MeV.
An alternative way to populate the isomer states is offered by the (γ, n) reaction applying the end-point energy of the bremsstrahlung radiation from 10 to 25 MeV. In this reaction giant dipole resonance (GDR) is firstly excited. In heavy nuclei the main mechanism of its decay is related to neutron emission. The nucleus rests with the excitation energy of 5-7 MeV and decays by γ transitions into the isomer and ground states. Since the excitation energy of intermediate states reached in this reaction is relatively high the statistical approach is usually used for a theoretical interpretation of the γ decay process [11] [12] [13] .
In the present paper we present experimental results for population of h 11/2 isomer in N=81 isotones in the (γ, n) reaction. It will be reported that the IR equals to 0.12, 0.14, 0.06 and 0.046 in 137 Ba, 139 Ce, 141 Nd and 143 Sm, respectively. It is clear that it is not possible to explain the difference between two lighter and two heavier nuclei by statistical properties of intermediate states without additional assumptions. It means that the structure of the excited states is important even at these excitation energies and it should be accounted for. For this reason a microscopic calculation should be applied to explain the A-dependence of the isomer yield experimentally observed. For that purpose we employ the Quasiparticle Phonon Model (QPM) which has been already successful in interpretation of isomer population from intermediate states at lower energies [6] [7] [8] [9] .
The structure of the states at intermediate excitation energy is rather complex. The interplay of simple collective and more complex modes leads to the fragmentation of the simple excitations. The experimental data as well as theoretical calculations reveal the spreading of the simple modes in a wide energy domain, where large fluctuations of the strength are obtained. A convenient approach for description of the fragmentation is based on the doorway picture [14, 15] .. This approach incorporated in the QPM permits to describe properties of different processes, where excited states with intermediate energy are included: γ-decay [16] , nucleon emission [17] , ect.
The paper is organized as follows. In Section II some details of the (γ, n) experiment are discussed and experimental results are presented. A theoretical treatment of the (γ, n) reaction is given in Section III. In Subsection III.A we discuss the mechanism of the reaction while details of the nuclear structure calculations in odd mass nuclei within the QPM are given in Subsection III.B. The results of numeric calculations are discussed in Section IV in comparison with the available experimental data.
II. EXPERIMENTAL RESULTS.
The measurements of the IR were performed on the electron accelerator microtron MT-25 of FLNR JINR. The description of this microtron and its main parameters were published earlier [10] . One of the essential advantage of this accelerator is the small energy spread of the accelerated electrons (30 -40 keV) at the high beam intensity (up to an average power 500 W). This allows to measure the cross sections of studied nuclides production at the strictly definite energy.
The electron beam extracted from the accelerator chamber was focused by the system of the quadrupole lenses and subsequently by means of a magnet direct on the stopping target, which consists of a tungsten disk 2 mm thick cooled by the water. The bremsstrahlung with the chosen upper boundary was produced by this means. The size of the electron spot on the target was about 5 mm. The mean current on the target equal to 20 µA was measured continuously during the experiment. The energy of the electron beam (and the upper boundary of the bremsstrahlung) was changed by two methods: by the choice of the proper electron orbit and by tuning of the magnetic field.
The irradiated by the bremsstrahlung samples were the oxides of the studied elements -BaO, Ce 2 O 3 , Nd 2 O 3 and Sm 2 O 3 . They have a weight ∼ 100 mg, a surface area ∼ 1 cm 2 and were enriched by the studied isotope up to 90%.
The activation method was used for the measurements of the IR. This method was described in detail in our previous papers [1, 2, 10] . The produced in (γ,n) reactions nuclei are radioactive both in the ground and isomeric states (except 137 Ba). Therefore it was possible to determine the yields of studied nuclei in the ground and isomeric states simultaneously by the measurements of the intensity of the emitted γ-radiation. This excludes the uncertainties of the measurement of the electron beam, efficiency of the γ-ray detection and increases the accuracy of the IR determination. In the case of 137 Ba the ground state yield was obtained from the interpolation of the known data.
The γ-ray spectra were measured by the Ge(Li) detector with the 60 cm 2 volume and an energy resolution of ∆E = 2.5 keV for E γ = 1332 keV of 60 Co. The spectra were processed according to the ACTIV code, which permits separating γ-lines with close energies in the complicated spectrum and determining their intensity.
The IR is determined by the ratio of the measured yields of the nuclei in the isomeric and the ground state:
where the index m and g is attributed to the isomeric and ground states. The ratio of the yield is connected with ratio of γ-ray intensities in nuclei decay:
where S are the intensities of γ-ray for the decay to the ground or isomeric state, α is a conversion coefficient of γ-radiation, I is the probability of the γ-ray emission, ǫ is the efficiency of γ-ray detection, λ is constant of decay, t 1 and t 2 is time of irradiation and delay before measurement. The measured yield is connected with the integral cross-section of (γ,n) reaction on the beam of bremsstrahlung:
where E th is the threshold of (γ,n) reaction, N(E γ , E γmax ) is the amount of γ-quanta of the energy E γ in the bremsstrahlung with endpoint E γmax . Obtained this way, the IR at E γmax = 25 MeV are presented in the Table I . The values of these IR are in accordance with the previous results [4, 10] , but they are more precise. The new values are the IR for 141 Nd and 143 Sm at the γ-decay of 141 Pm and 145 Eu, respectively. These IR are obtained in the analysis of the decay schemes of 141 Pm and 143 Eu [18] .
The process of isomer population in (γ, n) reaction is rather complex and may be split into a few consequent stages. In the first stage the GDR is excited by bremsstrahlung radiation. In the second stage it fastly decays into compound nucleus. Next, compound nucleus decays by emitting of neutrons leaving the (A-1) nucleus with an excitation energy of a few MeV. In the last stage the nucleus deexcites by direct or cascade γ-transitions into the isomer or ground state. Since the width for γ-decay strongly decreases with an increase of the multipolarity, the decays are mainly due to E1-, M1or E2transitions. The excited states of the nucleus at intermediate energies, via which the isomers are populated, are called activated states (AS). The specific properties of the AS are the following. Firstly, due to their total angular momentum and some components of their wave function they prefer to decay into the isomer than into the ground state. Secondly, the AS should be excited themselves. The last depends on the nuclear reaction considered. For example, in bremsstrahlung experiments with the end-point energy of a few MeV the AS state must have the total angular momentum not very different from the one of the ground state to make their electromagnetic excitation with low multipolarity from the ground state possible. If (γ, n) reaction is applied the AS should have the total spin close to 1 since emitted neutrons in the GDR decay prefer to take away small angular momentum. Thus, in principle, different AS may be involved in the population of isomers in different nuclear reactions.
A. Reaction mechanism.
The main features of the (γ, n) process are discussed in Ref. [19] . The cross section for (γ, n) reaction with isomer excitation reads:
where σ 0 is the photoabsorption cross section which describes the GDR excitation and its decay into the compound nucleus. The cross section σ lj n of the emission of a neutron with spin j and angular momentum l with formation of a nucleus with momentum J and projection M is equal to
here the notation (ji; 0m | ji; JM) is a Clebsch-Gordan coefficient, the notation i in the Clebsh-Gordon coefficient is the spin of the compound nucleus; neutron wave number is denoted with k, the quantities T lj (ε) are the neutron penetrations. The energy ε corresponds to the average energy of the evaporated neutron from the compound nucleus. The experimental values of factors T lj (ε) at ε = 1 MeV are presented in Table II . At this energy the neutron could carry angular moment l = 0, 1, 2 and 3 [3] . The probabilities for l ≥ 4 are very small and may be neglected. The quantities α iso and α i in Eq. (4) are respectively the probabilities for transitions to the isomer state and to all the other levels of the final nucleus. Combining Eqs. (4) and (5) [20], the ratio σ iso /σ g.s. for (γ, n) reaction reads
where j 1(2) and l 1(2) are the moments of emitted neutron from the compound nucleus, j 1(2) = l 1(2) ± 1/2 and J 1(2) = j 1(2) + 1, the quantities (C ν J ) 2 are the spectroscopic factors for the ϑ state with momentum and parity J π of the final nucleus; Γ ϑ J π 1 →iso are the partial widths for the γ-decay of a state J π 1 to the isomer state; Γ ϑ J π 2 →g.s. are the partial widths for the γ-decay of a state J π 2 to the ground state. The value of Γ ϑ J π 1 →iso includes, in principle, all unknown cascades which the intermediate state J π 1 undergoes populating the isomer. The partial widths Γ are connected with the corresponding reduced transition probabilities [19] :
here B(X λ) are the reduced transition probabilities in e 2 f m 2λ for electric and in µ 2 N f m 2λ−2 for magnetic transitions; the quantity E γ is the γ-quanta energy in MeV; the values of Γ J π →I π (X λ) are obtained in eV.
B. Structure of excited states in odd nuclei.
Nuclear structure calculations have been performed within the QPM (see, e.g. Refs. [14, 15, [21] [22] [23] [24] [25] [26] ). This model has already been used in spectroscopic studies of odd nuclei over a wide mass region [14, 15] . The application of the model in the case of isomeric states is described in detail in Refs. [6] [7] [8] [9] . This model makes use a separable form of the residual interaction which enables the diagonalization of the model Hamiltonian in a large dimension configuration space.
We have used the following wave function for description of the excited states of the odd nucleus with angular momentum J and projection M
The notation α + jm is the quasiparticle creation operator with shell quantum numbers j ≡ (n, l, j) and m; Q + λµi denotes the phonon creation operator with angular momentum λ, projection µ and RPA root number i; Ψ 0 is the ground state of the neighboring even-even nucleus and ϑ stands for the number of the state within a sequence of states of given J π . Coefficients C ϑ J and D λi j are the quasiparticle and 'quasiparticle⊗phonon' amplitudes for the ϑ state.
The coefficients of the wave function (8) as well as the energy of the excited states are found by diagonalization of the model Hamiltonian within the approximation of commutator linearization. The components α + jm Q + λµi of the wave function (8) may violate the Pauli principle. To solve this problem the exact commutation relations between quasiparticle and phonon operators are used [14, 15] . An efficient procedure of an approximate treatment of the Pauli principle corrections has been proposed in Ref. [27] . It is applied in the present calculations.
It should be noted that the wave function (8) describes in detail the distribution of the single-particle component while the distribution of 'quasiparticle⊗phonon' could be more affected by including 'quasiparticle⊗two-phonon' components [14, 15] . It will be demonstrated below that in actual calculation transitions between quasiparticle components of decaying intermediate and final states are mainly responsible for population of isomer and ground states in (γ, n) reaction under consideration. For this reason, the wave function in form of Eq. (8) should be considered as a suitable one for description of the process.
We use Woods-Saxon potential, U(r), for the mean-field part of the QPM Hamiltonian with parameters from Refs. [28, 29] . The corresponding single-particle spectra can be found in Ref. [14] . The residual particle-hole interaction is taken of separable form in coordinate space with radial form factor as f (r) = dU/dr. The strength of the residual interaction is adjusted to reproduce in one-phonon approximation the experimental energies and transition probabilities [30] of the lowest collective levels in neighboring even-even nucleus for each J π . Phonon basis is obtained by solving the RPA equations. Coupling matrix elements between quasiparticle and 'quasiparticle⊗phonon' configurations are calculated by making use of the internal fermion structure of phonons and model Hamiltonian with all parameters fixed from calculations in even-even core.
In the calculations to be presented below we have used λ π = 1 ± , 2 + , 3 − , 4 + and 5 − phonons in the wave function (8) . Several roots for each multipolarity are taken into account. The maximum energy of 'quasiparticle⊗phonon' configurations included in (8) equals to 12 MeV.
The used effective charges are: for E1 transitions e p eff = (N/A) e and e n eff = −(Z/A) e; for E2 transitions e eff = 0; for M1 the effective spin g factor is g s ef f =(0.8)g s f ree . The numerical calculations presented in this article have been performed with the code PHOQUS [27] .
IV. THEORETICAL ANALYSIS OF EXPERIMENTAL DATA.
The IR is studied along the isotopic chain N=81 including nuclei 137 Ba, 139 Ce, 141 Nd and 143 Sm. Firstly, let us consider how the properties of the (11/2 − ) isomer state are reproduced in our calculation. Its excitation energy is known to be approximately the same for all nuclei under consideration (see experimental data in second column of Table III ). The calculated energy of the isomer state (third column of Table III ) is in a very good agreement with the data. Its structure is dominated by the single-particle component, but also the coupling with the quadrupole and octupole vibrations of the core are important. The calculated structure of the isomer state is also in agreement with the recent measurements [18] .
We have also calculated the spectrum of the excited states with J π = 1/2 ± , 3/2 ± , 5/2 ± , 7/2 ± , 9/2 + and 11/2 − up to the excitation energy of 6.5 MeV. The states with lower values of angular momentum are responsible for population of the ground state in (γ, n) reaction while among other states we are looking for the AS. The spectra of states with J > 11/2 have not been calculated because they cannot be populated in neutron decay of the GDR. The corresponding partial widths Γ J i →J f and the main components contributing in the structure of the excited states are given in Table IV for 139 Ce.
The population of the isomer state (11/2 − ) in 139 Ce is mainly due to the E1 transitions from the J π = 9/2 + states. The distribution of single-particle component 9/2 + of the wave function (8) up to 6.5 is shown on Fig. 1 . A visible fraction of 9/2 + single-particle component (14% of the whole strength) is spaced in this energy region. There are two excited states at 4.18 and 6.15 MeV, where 4.7% and 5.2% of the single-particle strength is concentrated. The main components in the structure of the excited states are due to the coupling of the single-particle mode with the surface vibrations of the even core. The dependence of the quantity C 2 Γ J π →iso on the excitation energy is shown on Fig. 1(a) . It is seen that the contribution of the E1 transitions dominates, but also E2 transitions are important. The comparison of Fig. 1(a) and Fig. 1(b) reveals a bright correlation between the distribution of C 2 Γ 9/2 + →iso (E1) and those of the single-particle component 9/2 + . The more concentration of the single-particle component leads to larger E1 transitions to the isomer state. The 7/2 − states populate the isomer state by E2 transitions. The distribution of the single-particle component 7/2 − of the wave function (8) is shown in on Fig. 1(c) . There are two main states at 3.22 MeV and 4.88 MeV where 0.6% and 0.4% of the single-particle strength is concentrated. Comparing Fig. 1(a) and Fig. 1(c) we conclude that there is a correlation between the distribution of single-particle component 7/2 − and the quantity C 2 Γ 7/2→iso (E2): large single-particle component in the wave function (8) leads to larger E2 transitions. Taking into account the foregoing properties of E1 and E2 transitions one concludes that the structure of the quantity C 2 Γ J π →iso is completely determined by the contribution of the single-particle component in the wave function (8) .
The energy dependence of the quantity C 2 Γ J π →g.s. in 139 Ce and the contribution of E1, E2 and M1 transitions are shown in Fig. 2 . These transitions are due to the deexcitation of 1/2 ± , 3/2 ± , 5/2 + and 7/2 + states. Large E1 transitions to the ground state are concentrated at higher excitation energies. A state with J π = 1/2 − at 5.35 MeV gives the main part of the E1 transitions to the ground state in 139 Ce. In the structure of the state the single-particle component is 6%, while the 2d 5/2 ⊗ 3 − 1 component contributes 61.2%. The M1 transitions to the ground state are predominantly due to the deexcitation of states 5/2 + . The excitation energy of the first 5/2 + state is 1.49 MeV. The single-particle component dominate in the structure (68%) and it determines the largest value of C 2 Γ(M1) in the domain up to 6.5 MeV.
The E2 transitions to the ground state arise from the deexcitation of the states 1/2 + , 3/2 + , 5/2 + and 7/2 + . The state 1/2 + (2.93) has the largest income in the population of the ground state via E2 transition. The single-particle component in the structure of the state is 5.5%. The E2 transition from the later to the ground state presents around 6.5% in the sum of σ g.s. in Eq. (6) .
The distribution of the single-particle configuration over states with J π = 1/2 − , 3/2 − , 5/2 + and 7/2 + in 139 Ce up to 6.5 MeV is shown in Fig. 2(b,c,d,e ). The comparison of Fig. 2(a) and Fig. 2(b,c,d,e ) reveals correlation between the quantity C 2 Γ J π →g.s. and those of the single-particle strength. The energy dependence of C 2 Γ J π →g.s. is strongly connected with the value of the amplitude of single-particle component of the wave function (8) . The structure of 1/2 + and 3/2 + states and corresponding value of Γ J π →g.s. are given in Table IV . The population of the ground up to 4.8 MeV is by E2 and M1 transitions . Only a few states influence perceptible the value of C 2 Γ J π →g.s. .
The same type of calculation have been performed for other isotones. We do not discuss them here in detail because the results and conclusions are very similar to the ones already presented for 139 Ce.
It follows from the presented figures that the IR defined in Eq. (6) depend strongly on the maximum excitation energy of the final nucleus. The number of AS varies when the excitation energy is changed and the number of large E1, E2 and M1 transitions populating isomer and ground state is also changed. The available experimental information obtained in (γ, n) reaction on the IR for N=81 nuclei is given in Table I . It is completed by the IR in two heaviest isotones known from β decay experiments [18] . Thus, in the case of 141 Nd and 143 Sm two values of the IR are known corresponding to different maximum excitation energies, E * . The calculated values of the IR of Eq. (6) are given in the Table I for a comparison. The truncation of states in calculation by maximum excitation energy is made in accordance with experimental conditions. The calculated values agree very well with the measured ones. The energy dependence of IR in the case of 141 Nd and 143 Sm is reproduced. In the case of 143 Sm up to excitation energy 3.5 MeV there are two states -9/2 + at 3.48 MeV and 7/2 − at 3.46 MeV. The states are connected with the isomer by E1 and E2 transitions. The increasing of the excitation energy up to 4.72 MeV does not influences the value of C 2 Γ J π →iso while the value of C 2 Γ J π →g.s. is changed due to the E2 and M1 transitions connected the 1/2 + , 5/2 + and 7/2 + states with the ground state. The situation is similar in 141 Nd. 139 Ce obtained in QPM calculations in the energy range up to 6.5 MeV with the largest values of the partial widths, Γ J i →J f , for the direct decay into the ground and isomer states. The quasiparticle (α + ) and the main 'quasiparticle⊗phonon' (α + Q + ) components to their wave function are given in last two columns. 
